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The class of metal chalcophosphates exhibits wide structural
diversity and technologically promising properties such as
ferroelectricity,' " nonlinear optical behavior,” "’ photolumines-
cence,® and phase change.’ In part, the structural diversity arises
from the broad variety of anions including '/.[P.Ses” 1,”°
[PQs7."% [PaSeo]* " [P2Qel*™,"* [P2Quol* ™" [PsSes]* "
[PsSei]*."" and '/.[PSes] !¢ (Q = S, Se). The preponderance of
these species has been synthesized with the molten flux tech-
nique.'”~'?

The chalcophosphates may be a good source of nonlinear optical
(NLO) materials because the noncentrosymmetric structural motif
is common in this family.”® In addition, the idea of using the d°
metal ions (e.g., Ti**, Nb°*, Mo®*, etc.) to obtain noncentrosym-
metric arrangements due to second-order Jahn—Teller distortions
has been proposed.?’ Here we investigated the selenophosphate
chemistry of the ¢° metal ion, Zr*". Alkali metal salts of a novel
quaternary zirconium selenophosphate phase were isolated using
the molten flux technique, having a general formula of AZrPSeq
[A = K(1), Rb(2), Cs(3)].2! To the best of our knowledge, this is
the first quaternary zirconium selenophosphate phase structurally
characterized to date.

All three salts of AZrPSes have a highly anisotropic structure
based on the polymeric chain of '/[ZrPSes ™ ]. They are semicon-
ductors with high transparency over most of the infrared spectrum.
Because of the noncentrosymmetric structure consisting of highly
polarizable, covalently bonded P and Se atoms, the AZrPSeq
compounds exhibit a strong second harmonic generation (SHG)
response. The Cs analogue showed the highest SHG intensity which
is ~15x stronger than that of AgGaSe,, a benchmark NLO material
used commercially.?? The AZrPSes compounds are soluble in
hydrazine and show blue-shifted optical absorption and strong room
temperature photoluminescence. The solubility makes them promis-
ing candidates for solution processing.

The structural characterization of AZrPSes was very challenging
because the intrinsic tendency of these systems is to crystallize as
microneedles. Upon exploring numerous heating profiles and
temperatures, pure compounds could be isolated as very tiny,
needle-shaped single crystals (Figure 1A), which we could structur-
ally characterize using only Synchrotron radiation (Advanced
Photon Source, Argonne National Laboratory).

The new compounds AZrPSes [A = K (1), Rb (2), Cs (3)]
crystallize in the polar space group Pmc2,.>> Because all three salts
are isostructural, this discussion will mainly focus on the K-salt
which features parallel chains of the infinite '/.,[ZrPSes ] anion
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Figure 1. (A) SEM image of needle shaped microcrystal of KZrPSes (1).
(B) Noncentrosymmetric structure of 1: Molecular view along the [100]
direction. (C) View of [ZrPSes] ™ anion along the chain axis. (D) Polymeric
!/[PSe; ] chain acting as a backbone holding the Zr** ions together.

separated by the alkali metal ions (Figure 1B). The chains have
Zr** ions coordinated to Se atoms in a distorted bicapped trigonal
prismatic geometry (Figure 1C). All Zr*" ions are connected to a
'/.[PSe; ] polymeric backbone formed by the condensation of
corner-sharing tetrahedral PSe, units (Figure 1D). Each phosphorus
atom has a terminal P—Se bond projecting out from the one-
dimensional chain structure. The Zr atoms are also bridged with
n*-bonded Se,>~ groups. Finally, there is also terminal Se(3) atom
on each zirconium metal center.

The PSe, tetrahedron is distorted from the ideal geometry having
Se—P—Se angles ranging from 99.382(14)° to 114.975(9)°. The
P—Se bonds are of two different lengths, as three in the PSe, group
are engaged in forming the polymeric backbone and one is terminal.
All the P—Se bond lengths are normal, the bridging ones [P(1)—Se(4),
P(1)—Se(5)] being at 2.245(1)—2.277(1) A and the terminal
[P(1)—Se(6)] at 2.108(1) A. The Se—Se bond length in Se,®” is
2.3515(90) A.

The Zr** metal ion is bonded to three different sets of Se atoms.
The bonds with two bridging selenium atoms [Zr(1)—Se(4) and
Zr(1)—Se(5)] from the PSes group are at 2.782(3)—2.797(6) A,
whereas those from the Se,?~ group [Zr(1)—Se(1) and Zr(1)—Se(2)]
are shorter at 2.697(4) A. The intrachain Zr—Zr distances are at
3.708(1) A. Interestingly the AHfPSes [A = Rb, Cs] analogues
are also stable featuring the same chains but different crystal
packing. The AZrPSes compounds are only the second example of
a polymeric selenophosphate anion being coordinated to a transition
metal, the first one being K;RuPsSe;y which contains a different
polymer.*

10.1021/ja804166m CCC: $40.75 [ 2008 American Chemical Society
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Figure 2. (A) DTA plot of RbZrPSes. (B) X-ray powder patterns of
RbZrPSe¢ before and after DTA, compared with the calculated pattern of
2. (C) Solid-state UV—vis optical absorption spectra of AZrPSes compounds.
(D) Far-IR—mid-IR—UV—vis absorption spectra of crystalline 2.
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Figure 3. (A) Solution UV—vis absorption of 2 (Inset: Hydrazine solution
of 2 in a cuvette). (B) Solution photoluminescence spectrum of 2.

Differential thermal analysis (DTA) performed on RbZrPSes (2)
at a rate of 10 °C/min showed that it melts at 321 °C and
recrystallizes without change upon cooling at 266 °C (Figure 2A).
The X-ray powder pattern recorded before and after DTA indicated
full recovery of the compound (Figure 2B).

The solid state electronic absorption spectra for compounds 1,
2, and 3 (Figure 2C) showed very strong and sharp absorption edges
at ~2 eV. In general, changes in the alkali metal do not show a
major effect on the band gap of the covalent network, mainly
because of the nondirectional ionic bonding.

The compounds 1, 2, and 3 show optical transparency over a
wide range starting from the long-wave IR to near IR/visible region
of the spectrum. Figure 2D shows that almost no absorption occurs
for compound 2 within the range 472 cm™ ' (18.5 um) to 4000
cm™!' (2 um). As a comparison, the commercially used NLO
material AgGaSe; is transparent up to 17 um. The absorption peaks
that appear above 18.5 um correspond to Zr—Se and P—Se
stretching modes of the compounds. Optical transparency in the
infrared region is required for NLO materials to be used in
applications.**

Compounds 1, 2, and 3 are soluble in hydrazine (~0.4 mol/L)
to form yellow colored solutions with the same optical absorption
maximum at 3.07 eV (Figure 3A). The solutions of all compounds
showed strong photoluminescence at room temperature when
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Figure 4. (A) SHG intensity (arbitrary unit) of CsZrPSes (3) and RbZrPSes
(2) relative to AgGaSe, over a wide wavelength range. (B) Particle size to
SHG intensities diagram for CsZrPSes. (C) SHG intensities of the solid
solutions (1a—e, 3a—b) compared with 1 and AgGaSe,.

excited above the band gap energy (430 nm) as shown in Figure
3B. Both the absorption and photoluminescence spectra are believed
to originate from completely dispersed '/o[ZrPSes | chains. The
Stokes shift of ~0.6 eV observed is similar to those of conjugated
polymers.>® To our best knowledge this is the first example of a
light-emitting selenophosphate species.

Solution *'P NMR spectra were recorded for the hydrazine
solutions using 85% phosphoric acid as the standard. For all
compounds a singlet peak was observed at ~30.5 ppm.>' The NMR
chemical shift mainly depends on the degree of local symmetry
around the phosphorus atom.?® The RbPSes'® compound showed
a shift around 4.3 ppm in the solid state, whereas 2 shows a shift
around 30 ppm. The difference can be attributed to the coordination
of the asymmetric PSe, group to the highly electropositive Zr**
cation in the latter. Also the PSey group coordinated to W** in
[W(PSe4)(PSe,)(Se)]*~ showed a positive shift of 10.89 ppm in
the *'P NMR spectrum.?’” The *'P NMR results suggest that, upon
dissolution, the chains retain their compositional integrity. The polar
nature of the title compounds along with their good solution
properties suggests that they may be promising candidates for
solution processing of NLO films.*®

The polar structure of AZrPSe, causes all three compounds (1—3)
to show a significant NLO response. The SHG response was
measured for compounds 1—3 following the modified Kurtz powder
method?® using an infrared light source tunable from 1000 to 2000
nm. All samples were of the same particle size (45—63 um) and
prepared under similar conditions, and their SHG signal intensities
were compared at the same time with AgGaSe; particles of similar
size. The SHG signals from the fundamental idler beam for all three
compounds (1—3) show a maximum around 820 nm (Figure 4A).
Among the three salts, the cesium analogue (compound 3) showed
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the strongest SHG intensity presumably due to the largest size and
highest polarizability. Under similar experimental conditions the
AgGaSe, response showed an SHG maximum around 820 nm,
whereas the SHG response of crystalline 3 and 2 were ~15- and
10-fold stronger at the same wavelength. The K analogue (com-
pound 1) showed a weaker SHG signal intensity than AgGaSe,.
Phase matching experiments performed using different size particles
of compound 3 indicate the material to be type I phase matchable
(Figure 4B). For practical NLO applications phase matching is
necessary.?> The optical transparency found over a wide range of
the spectrum along with the strong SHG response of compounds 2
and 3 makes them promising for thin film infrared NLO applica-
tions.*®

Because the SHG property follows the polarizability trend Cs
> Rb > K, series of solid solutions of compounds 1—3 were
synthesized by doping fractional amounts of more polarizable Rb*,
Cs™ ions into compound 1. The SHG signal intensities were
measured for nominally prepared samples of compounds la
[K()_gRb()_]ZI'PSCﬁ], 1b [Ko_gRb()_zZI'PSCﬁ], 1c [K()_GRb()AZI'PSGG], 1d
[Ko;;Rbo}@ZI’PSC@], le [KoAszoAngPSCd, 3a [K0‘4CSO.GZI'PSBG], and
3b [Ky2CsosZrPSeq]. These were compared with AgGaSe; of the
same particle size (45—63 um) under similar conditions. The
relative SHG intensities for 1a—e and 3a—b are shown in Figure
4C. These results confirm that the alkali metal polarizability trend
is really correlated to SHG efficiency. A similar observation was
reported with KTIOPOMK05Rb05TIOPO4 and KTiOASO4/K0A5-
CsosTiOAsO,>! and was attributed to the effect of size and
polarizability of the alkali metal ions.

In conclusion, the AZrPSes [A = K, Rb, Cs] compounds have
a unique polar structure featuring chains of '/[ZrPSes ]. These
materials also show wide transparency in the mid-IR region up to
18.5 um. The polar structure and presence of highly polarizable
atoms such as Se, Rb, Cs, Zr result in strong SHG response which
is significantly larger than that of the commercial NLO material
AgGaSe;. In solution, the chains photoluminesce strongly when
excited above the energy gap. Light emission is unprecedented for
a selenophosphate species and is reminiscent of the solution
behavior of conjugated polymer chains. The high solubility of these
compounds in hydrazine is an important property because it makes
them promising for future solution processing studies of useful
forms, e.g., thin films.
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